The herpes virus entry mediator (HVEM), a member of the tumournecrosis factor receptor family, has diverse functions, augmenting or inhibiting the immune response 1 . HVEM was recently reported as a colitis risk locus in patients 2 , and in a mouse model of colitis we demonstrated an anti-inflammatory role for HVEM 3 , but its mechanism of action in the mucosal immune system was unknown. Here we report an important role for epithelial HVEM in innate mucosal defence against pathogenic bacteria. HVEM enhances immune responses by NF-kB-inducing kinase-dependent Stat3 activation, which promotes the epithelial expression of genes important for immunity. During intestinal Citrobacter rodentium infection [4] [5] [6] , a mouse model for enteropathogenic Escherichia coli infection, Hvem 2/2 mice showed decreased Stat3 activation, impaired responses in the colon, higher bacterial burdens and increased mortality. We identified the immunoglobulin superfamily molecule CD160 (refs 7 and 8) , expressed predominantly by innate-like intraepithelial lymphocytes, as the ligand engaging epithelial HVEM for host protection. Likewise, in pulmonary Streptococcus pneumoniae infection 9 , HVEM is also required for host defence. Our results pinpoint HVEM as an important orchestrator of mucosal immunity, integrating signals from innate lymphocytes to induce optimal epithelial Stat3 activation, which indicates that targeting HVEM with agonists could improve host defence.
Because HVEM functions in the colonic mucosa 2, 3, 10 , we explored its role in colonic epithelial cells, a cell type whose barrier function is critical for preventing colitis pathogenesis and enhancing mucosal defence 11 . In addition to leukocytes that carry the CD45 antigen, HVEM is expressed by epithelial cells in the colon and lung, as well as by mouse epithelial cell lines CMT-93 (colon) and LA-4 (lung) (Supplementary Fig. 1 ). When stimulated in vitro by known HVEM ligands, either a fusion protein containing the B-and T-lymphocyte attenuator (BTLA-Ig) or recombinant CD160, CMT-93 cells, colon fragments in culture or primary colonic epithelial cells could be induced to produce innate immune mediators essential for host protection ( Fig. 1a and Supplementary Fig. 2 ). These included genes encoding anti-microbial proteins, such as Reg3b/3c, b-defensin 3 and S100A9, proinflammatory cytokines IL-6, IL-1b and tumournecrosis factor (TNF), as well as chemokines. As epithelial cells produce these mediators, our data suggest that it was HVEM signalling in epithelium that regulated innate immune responses in the colon fragments. Interestingly, the innate immune mediators that were increased in epithelial cells are also induced by IL-22R signalling, which acts through Stat3 (refs 12 and 13). Although, like other TNF receptors, HVEM signals through TRAF proteins to activate NF-kB 14 , we found that HVEM engagement by its ligands also induced Stat3 phosphorylation in epithelial cells and colon fragment cultures ( Fig. 1b and Supplementary Fig. 3 ). Interestingly, HVEM engagement did not induce immediate Stat3 activation in leukocytes, and although HVEM signalling has been reported to promote NF-kB-inducing kinase (NIK)-Stat3-dependent Th17 cell differentiation in vitro 15 , this may require extra and/or more prolonged stimulation. By contrast, the rapid HVEM-mediated Stat3 activation in epithelial cells emphasizes the direct connection of HVEM signals to Stat3 phosphorylation. We further determined that HVEM-induced Stat3 activation was NIKdependent ( Fig. 1c and Supplementary Fig. 4 ). As Stat3 activity is associated with epithelial responses 13 , our results indicate that NIK, upstream of Stat3, links epithelial HVEM signalling to mucosal innate immunity and host defence.
IL-22 is essential for host defence because it induces epithelial production of cytokines, chemokines and anti-microbial peptides, and promotes epithelial recovery from mucosal injury 12, [16] [17] [18] [19] [20] [21] . Although IL-22 signalling also induces epithelial Stat3 activation and gene expression, we found signalling by IL-22R did not require NIK (Fig. 1c) . This suggests that the HVEM-Stat3 pathway is independent of the IL-22-Stat3 pathway. Indeed, we found that IL-22 induced Stat3 activation and epithelial gene expression in the absence of HVEM signalling and vice versa (Fig. 1d) . However, HVEM and IL-22 signalling exhibited additive effects on Stat3 activation (Fig. 1b) and gene expression (Supplementary Fig. 2 ). As such, we reasoned that a fully activated Stat3, cooperatively regulated by IL-22R and HVEM, probably is important for intestinal epithelial responses and host defence.
We tested this hypothesis using C. rodentium infection, a mouse model for acute attaching/effacing enteropathogenic E. coli infection in humans 4 . We found that Hvem 2/2 mice had reduced survival, higher bacterial burdens in colons and faeces and increased colonic epithelial permeability after infection and bacterial dissemination (Fig. 2a-c and Supplementary Fig. 5 ). The compromised epithelial integrity and responses after infection probably contributed to bacterial translocation and lethality. As a consequence of the poorly controlled bacterial burdens, Hvem 2/2 mice suffered more severe colonic hyperplasia (at day 14) and pathology (at day 14 and 21) after infection ( Fig. 2c and Supplementary Fig. 5 ). Analysis of infected Hvem
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2/2 mice also showed an impaired production of epithelial mediators and increased pathology compared with Rag 2/2 mice ( Supplementary  Fig. 6 ), indicating a role for HVEM expression independent of adaptive immunity. Consistent with a role for epithelial HVEM, using bonemarrow chimaeric mice, we found that HVEM expression by radiation-resistant cells in the recipients was required for host protection (Fig. 2d) .
Because HVEM binds to the TNF superfamily member LIGHT, and immunoglobulin (Ig) superfamily members BTLA and CD160 (ref. 1), we performed experiments to identify which is the important ligand(s) for HVEM in the intestine. Light double knockout mice were able to clear bacteria similarly to wild-type mice ( Supplementary Fig. 7 ), suggesting that neither HVEM-LIGHT nor HVEM-BTLA signalling is required for host defence against C. rodentium. By contrast, mice injected with an anti-CD160 blocking but non-depleting antibody showed impaired host defence ( Fig. 3a and Supplementary Figs 8 and 9 ), indicating that CD160 is essential. We performed colon fragment cultures, in vitro infected with C. rodentium, which targets epithelial cells 5, 22 , to explore further the ligand necessary for HVEM engagement. We found Hvem Fig. 10 and data not shown). CD160 also interacts with some major histocompatibility complex (MHC) class I molecules 7 , but CD160 blockade in Hvem 2/2 colons did not cause an alteration in the innate immune response or survival in infected mice ( Supplementary Fig. 10 ).
To determine the in vivo function of HVEM-CD160 signalling further, we analysed the caecum at day 2 after infection, because C. rodentium is known to colonize this part of the intestine first 4 . We found Hvem 2/2 and Il-22r1 2/2 mice, as well as anti-CD160 injected mice, had impaired caecal expression of host defence genes (Fig. 3b ). Cytokine and chemokine protein production was also reduced in the colons of infected Hvem 2/2 mice ( Supplementary  Fig. 11 ). Furthermore, caecal Stat3 activation was significantly reduced in Hvem 2/2 and Il-22r1 2/2 mice, as well as in anti-CD160 injected mice ( Fig. 3c and Supplementary Fig. 12 ). These results indicate that by regulating epithelial Stat3 activation, both the CD160-HVEM and IL-22-IL-22R signalling pathways are essential for epithelial innate function and mucosal host defence. Supporting this, we observed that mice with an epithelial cell-specific IL-22R1 deletion (Vil-Cre;Il22r1 flox/flox ) were also susceptible to C. rodentium infection, similar to Hvem 2/2 mice ( Supplementary Fig. 10d ). We determined if the two pathways of Stat3 activation in epithelial cells influence one another. Similar to the action of several other cytokines on their receptors, IL-22 upregulated expression of its own receptor ( Fig. 3d) , specifically the IL-22R1 subunit, but not the IL-10R2 chain shared with several other cytokines. Interestingly, expression of IL-22R1 was also increased after HVEM engagement in CMT-93 cells and colon fragments. Furthermore, early after bacterial infection, colonic IL-22R1 expression was reduced in Hvem 2/2 and anti-CD160-injected mice ( Fig. 3d and Supplementary Fig. 13 ). These results indicate that HVEM, in addition to activating Stat3 independently of the IL-22 receptor, could crossregulate IL-22R signalling and sensitize epithelium by promoting IL-22R1 expression. This would render epithelial cells more responsive to bacterial infection. Consistent with this model for the regulation of receptor expression is the fact that the human and mouse Il22r1 promoters contain both Stat and NF-kB binding sites 23, 24 , which could be the targets of Stat3 and NF-kB activated by HVEM 25 . Epithelial Reg3b/c was shown to be a major target of Stat3 signalling during mucosal inflammation 13 and was important for host protection against C. rodentium rodentium infection. Groups of mice (n 5 6-12) were infected with C. rodentium by oral gavage. a, Survival curves for wild-type and Hvem 2/2 mice after infection. b, Bacterial burdens in colons after infection. c, Epithelial barrier permeability (left), determined by injection of fluorescein isothiocyanate (FITC)-dextran and measurement of fluorescence in the blood, and severe colonic pathology in Hvem 2/2 mice (right). d, HVEM expression by nonbone-marrow-derived cells is required for host protection (n 5 6 in each group of chimaeras). *P , 0.05, **P , 0.01, ***P , 0.001 (two-tailed unpaired t-tests). Results were representative of at least two independent experiments.
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indicate that the HVEM-Stat3-Reg3 pathway in the epithelium provides host protection during intestinal infection.
Both BTLA and CD160 could trigger HVEM signalling and induce epithelial Stat3 activation and production of host defence mediators in vitro; however, it is still uncertain why only CD160 was essential for host protection in vivo. When expression levels of the three HVEM ligands in colonic intraepithelial lymphocytes (IELs), lamina propria lymphocytes (LPLs) and splenocytes were compared, we found that CD160 was almost exclusively expressed by IELs (Fig. 3e ). There were very low messenger RNA (mRNA) levels of BTLA and LIGHT in IELs, providing an explanation why these were not functional ligands for HVEM after C. rodentium infection. A more detailed analysis of the IEL and LPL compartments during bacterial infection revealed that the CD8a
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1 IEL population was rapidly increased at the early stage of infection ( Fig. 3f and Supplementary Fig. 15 ). These CD160
1 IELs with the CD8aa homodimer expression consisted of both T-cell receptor (TCR)ab and TCRcd T subsets, but the TCRcd IELs became more prevalent after infection (Supplementary Fig. 15 ). Furthermore, CD160 was also expressed by TCR-negative IELs in Rag 2/2 mice, which presumably provide a physiological ligand for epithelial HVEM in the absence of adaptive immunity (Supplementary Fig. 16 ). Together, these results provide evidence that CD160 expressed by several IEL subsets, particularly the innate-like CD8aa-expressing cells, represents the only ligand available for engaging epithelial HVEM in the intestine. Furthermore, the increase in CD8aa
1
CD160
1 IELs during early infection is consistent with the hypothesis that the HVEM-CD160 interaction at the mucosal surface enhances signalling in epithelial cells and promotes their innate response to acute bacterial infection. It remains possible, however, that the contribution of the HVEM-CD160 signal is regulated in other ways, for example by the removal of an inhibitor in one of the interacting cell types.
To determine if HVEM mediates epithelial host defence at other mucosal sites, we examined the immune response of Hvem 2/2 mice after lung infection with S. pneumoniae, a Gram-positive extracellular bacteria that is the most common cause of community-acquired pneumonia 26, 27 . We found Hvem 2/2 mice were highly susceptible to S. pneumoniae, with an impaired early host response leading to reduced bacterial elimination in the lung (Fig. 4a) . Similar to the role of HVEM in colonic epithelium, the reduced innate immune response in the lung epithelium early after infection probably contributed to the impaired host defence in Hvem 2/2 mice ( Fig. 4b and Supplementary  Fig. 17 ). Stat3 signalling in the alveolar epithelium is essential for host defence to limit bacteria-induced pneumonia 26, 28, 29 . Similar to the 1 IELs, isolated from naive or infected mice. *P , 0.05, **P , 0.01, ***P , 0.001 (two-tailed unpaired t-tests). Results were representative of two independent experiments. 
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intestinal mucosae, HVEM stimulation induced Stat3 phosphorylation in the lung and Stat3 activation was significantly decreased in the lung of Hvem 2/2 mice at the early stage of S. pneumoniae infection ( Fig. 4c and Supplementary Fig. 18 ). This indicates HVEM-Stat3 signalling regulates epithelial responses in the lung and mediates host defence against pulmonary bacteria. LA-4 cells, a lung epithelial cell line, also express HVEM (Supplementary Fig. 1c ). When these cells were stimulated in vitro to trigger HVEM signalling, the expression of several epithelial host defence genes was significantly induced (Fig. 4d) , indicating HVEM directly regulates lung epithelial immune function.
HVEM is an unusual TNF receptor family member in binding TNF as well as Ig superfamily molecules, and in serving as a ligand for inhibitory receptors such as BTLA, as well as being a signalling receptor itself. We have revealed that HVEM, acting as a signalling receptor on epithelial cells, leads to NIK-dependent Stat3 activation, thereby inducing the expression of genes important for host defence in the intestine and lung. Furthermore, we demonstrated that in the intestine CD160 on CD8aa
1 IELs is the functional ligand for triggering epithelial HVEM for host protection. Human CD160 expression on IELs and epithelial HVEM expression have been described 8, 30 , but it is not known if this interaction has a role in humans. HVEM signalling also promotes epithelial IL-22R1 expression, which renders epithelial cells more responsive to IL-22, a major innate cytokine critical for host defence. Our results therefore show that HVEM is a crucial regulator of epithelial innate responses, in part by mediating lymphocyte-epithelial communication, and by cooperating with IL-22R signalling to induce optimal epithelial Stat3 activation for host defence.
METHODS SUMMARY
Mice. C57BL/6 and Rag 2/2 mice were purchased from the Jackson Laboratory and bred in-house for all experiments. Hvem ). All gene-deficient mice were backcrossed for at least eight generations onto the C57BL/6 background. Mice were maintained at the La Jolla Institute for Allergy and Immunology under specific pathogen-free conditions, and sentinels from the mouse colony tested negative by PCR detection of Helicobacter spp. Animal care and experimentation including infection protocols were consistent with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at the La Jolla Institute for Allergy and Immunology. Bacterial infection. A wild-type C. rodentium strain DBS100 rendered resistant to chloramphenicol and a clinical strain of S. pneumoniae (serotype 3, URF918) were obtained and used in all infection studies 6, 9 . For C. rodentium, bacteria were grown overnight in Luria-Bertani broth with shaking at 37 uC for 15-16 h. For S. pneumoniae, bacteria were grown to mid-log phase for 6-7 h from a frozen stock in Todd-Hewitt broth. Bacterial cultures were adjusted with PBS for proper concentration and individual titres were determined after each experiment by serial dilution. Mice were infected with 0.5 3 10 9 to 3.5 3 10 9 colony-forming units (c.f.u.) (C. rodentium, by oral gavage) or 1 3 10 6 to 5 3 10 6 c.f.u. (S. pneumoniae, by retropharyngeal instillation), and were killed at the indicated time points after infection. For c.f.u. assays, spleen, lung, liver, mesenteric lymph node, faecal pellets or colon were weighed, homogenized, serially diluted and plated in chloramphenicolcontaining MacConkey (for C. rodentium) or Columbia sheep blood (for S. pneumoniae) agar plates.
Full Methods and any associated references are available in the online version of the paper. pathological scoring. We also thank C. Benedict for providing NIK aly/aly mice, K. Pfeffer for providing Hvem ). All gene-deficient mice were backcrossed for at least eight generations onto the C57BL/6 background. Mice were used at 8-12 weeks of age. Whenever possible, control and gene knockout mice were housed in the same cage to minimize the effect of housing conditions on experimental variation. For tissue or cell analyses, tissues were collected and used for histological analysis, intraepithelial and lamina propria cell preparation, total protein or RNA isolation. For the rescue experiment, Reg3c-Ig fusion protein (150 mg per mouse per time point, provided by Genentech) was injected intraperitoneally into mice on days 1, 3, 5, 7 and 9 after infection as previously described 12 . For the blocking experiment, antimouse CD160 or IgG 2a isotype control antibodies (100 mg per mouse per time point) was injected intraperitoneally into mice on days 21, 1, 3, 5, and 7 after infection. Bacterial infection. A wild-type C. rodentium strain DBS100 rendered resistant to chloramphenicol and a clinical strain of S. pneumoniae (serotype 3, URF918) were obtained and used in all infection studies 6, 9 . For C. rodentium, bacteria were grown overnight in Luria-Bertani broth with shaking at 37 uCfor15-16 h.ForS. pneumoniae, bacteria were grown to mid-log phase for 6-7 h from a frozen stock in Todd-Hewitt broth. Bacterial cultures were adjusted with PBS for proper concentration and individual titres were determined after each experiment by serial dilution. Mice were infected with 0. Ex vivo infection of colons. Distal colons were freshly isolated from mice, cleaned and cut into several small pieces (,3 mm). Colon fragments were then transferred to six-well plate containing 3 ml of DMEM supplemented with 10% FBS and antibiotics. Live C. rodentium were added to each well (10 7 -10 8 c.f.u. ml
21
) and incubated for 20-24 h. After incubation, ex vivo infected colons were collected, briefly washed, and total RNA was extracted using an RNeasy Kit (Qiagen). Preparation of colonic epithelial cells. Primary epithelial cells were isolated as described previously 31 . Briefly, colons were cut open longitudinally, and epithelial cells were separated by shaking the small colon pieces in HBSS containing 5% FBS, 5 mM EDTA and 1 mM DTT for 15 min. The remaining tissue was discarded and epithelial cells in the supernatant were spun down at 150g for 5 min. The cell pellets were re-suspended in 40% Percoll solution and spun down again. The epithelial cells at the top layer were collected. These cells were stained with epithelial cell specific markers anti-cytokeratin-18 (C-04, Abcam) and antiEpCAM (G8.8, eBioscience) to estimate purity (.95%). Preparation of IELs and LPLs. Small and large intestines were collected from mice. Peyer's patches were carefully removed and tissues were cut open longitudinally, briefly washed, and cut into 1.5 cm pieces. The tissue pieces were incubated in 30 ml of HBSS (5% FBS, 10 mM HEPES and 1 mM DTT) in a shaker at 250 r.p.m., 37 uC, for 30 min. After incubation, the cell suspension was intensively vortexed and filtered through a metal mesh. The tissue debris was saved for LPL preparation and the flow-through cell suspension, which constitutes the epithelial cell content and IELs, was spun down at 230g for 5 min. The cell pellets were then re-suspended in 40% Percoll solution and overlaid above a 70% Percoll solution.
The gradient was spun at 800g for 25 min and IELs at the interface after spin were collected. For LPL preparation, the tissue debris was incubated in 20 ml of HBSS (5% FBS, 5 mM EDTA) in a shaker at 250 r.p.m., 37 uC, for 20 min to further remove epithelial cells. After that, tissues were further cut into 1 mm pieces, placed in 20 ml pre-warmed digestion solution containing 1.5 mg ml 21 collagenase type VIII (Sigma) and incubated at 37 uC for 20 min with rotation. After incubation, digested tissues were filtered through a metal mesh. The flow-through cell suspension was spun down and the re-suspended cells were further purified by Percoll gradient centrifugation. LPLs were collected at the interface, washed once and resuspended in complete RPMI-1640 medium. The cells were used immediately for cell counting and staining. Generation of bone-marrow chimaeras. Recipient mice (wild-type or Hvem 2/2 in C57BL/6, Ly5.2 background) were lethally irradiated with 12 Gy that were applied in two doses of 6 Gy separated by a 3 h interval, as previously described 3 . After irradiation, hosts were transplanted with 7 3 10 6 total bone-marrow cells isolated from wild-type congenic C57BL/6 or Hvem 2/2 mice on the Ly5.1 background to generate three groups (n 5 6 in each group) of chimaeric animals as follows: WT(Ly5.1) bone-marrow to WT(Ly5.2) host, WT(Ly5.1) bone-marrow to Hvem 2/2 (Ly5.2) host, and Hvem 2/2 (Ly5.1) bone-marrow to WT(Ly5.2) host. After transplant, mice were maintained with antibiotic treatment for the first week and an additional 11 weeks without antibiotic treatment. Mice were checked at 8 weeks after transplant for reconstitution by surface staining of peripheral blood cells for Ly5.1 1 expression (.95% in lymphocytes in all cases). FITC-dextran permeability assay. In vivo permeability assays to assess intestinal barrier function were performed using FITC-labelled dextran (Sigma) as described previously 32 
